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ANALOG-MODEL SIMULATIONS FOR SECONDARY CANAT. CONTROLS
AND FORWARD PUMPING WATER-MANAGEMENT SCHEMES

IN SOUTHEAST FLORIDA

By

E., H. Cordes and R. A. Gardner

ABSTRACT

The analog model of the Biscayne aquifer of southeast Florida was
used to approximate the effects of two proposed water-management schemes,
One involved adding a secondary control structure in a major canal which
is controlled near the coast. In the model the controls were operated in
accordance with canal water level both above and below the secondary
control. Although the model could not differentiate between control
openings of 1 foot or 5 feet (0.3 metre or 1.5 metres), it showed that
the secondary control is a viable method of conserving ground water.

The second scheme involved pumping ground water ("forward pumping')
from the Biscayne aquifer in inland areas during the dry season to: (1)
augment canal flows toward the coast to sustain ground-water levels there,
and (2) generate additional ground-water storage space for recharge in the
wet season. Several sites on the model were programed for forward pumping
wells and the storage change was noted as a percentage of the ground-water
withdrawal.

INTRODUCTION

The primary source of water for populous southeast Florida is the
Biscayne aquifer, which is composed of highly permeable limestone, and
sandy limestone and sand (Parker and others, 1955). The aquifer is wedge-
shaped, thickening to the east where it is hydraulically connected to the
sea. Toward the west the aquifer thins and interfingers with the muck and
marl that underlie the Everglades,

Before the 1900's natural freshwater springs discharged from the
aquifer along the coast and water supplies were obtained from shallow
wells near Biscayne Bay. Early in the 20th century the Miami River was
deepened and extended inland, which accelerated drainage and lowered the
freshwater head in the aquifer in adjacent areas. The construction of
additional canals in the area caused further general lowering of the
freshwater head. A landward movement of saltwater in the aquifer finally
resulted in the need to drill municipal water supply wells in inland, un-
contaminated parts of the aquifer,

Uncontrolled drainage resulted in a wide advance of the saliwater
wedge into the aquifer by 1946 which “caused severe water-supply problems
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{Parker and others, 1955). At that time a series of temporary dams were
constructed in canals connected to the bay. These dams reduced freshwater
runoff to the ocean, and maintained higher freshwater heads in the aquifer,
and thus stabilized the inland movement of saltwater.

As development continued and the demands for additional drained land
grew, more canals were constructed or existing canals were extended. The
regional surface drainapge systems were extended inland and expanded to
include large water-conservation areas. The conservation areas provide
temporary storage for excess rainfall during the wet season. During the
dry season water from Lake Okeechobee and the conservation areas is re-
leased to supply the urban and agricultural needs, and to maintain the
freshwater head along the coast as a means of stabilizing the salt-water
front.

Gradually the temporary coastal dams in canals were replaced with
control structures which regulated canal flow to the bay. Secondary con-
trel structures, inland of the coastal controls were constructed on a few
major canals.

All of these facilities constitute a complex hydrologic system whose
management becomes increasingly difficult as greater stresses are imposed
on it. The Central and Southern Florida Flood Control District, a manage-
ment agency, is responsible for its operation, and is actively engaged in
seeking new techniques to maximize water management. Because of the com-
plexity of the system many management problems do not lend themselves
readily to direct mathematical solution.

Insight to solution of these problems may be cobtained by use of an
electrical analog simulation model of the system in which actual param-
eters are approximated. The U.S5. Geological Survey, in cooperation with
the Central and Southern Florida Flood Contrel District and the National
Park Service, has constructed an electrical analog model (Appel, 1973),
which has been used to assess the effects of various water-managment
schemes.

For use of those readers who may prefer to use metric units rather
than English units, the conversion factors for the terms used in this re-
port are listed below:

Multiply English unit By To obtain metric unit

inch (in) 25.4 millimetre (mm)

feet (ft) 0.3048 metre (m)

mile (mi) 1.609 kilometre (km)

gallon (gal) .003785 cubic metre (m3)

gallon per minute (gal/min) .B000631 cubic metre per second (m3/s)
million gallon per day (Mgal/d) .04381 cubic metre per second (m3/s)
cubic feet per second (ft3/s) .02382 cubic metre per second (m3/s)



Purpose and Scope

The purpese of this investigation is to evaluate, through electrical
analog model simulation, the effects of two specific water-management pro-
posals primarily in Dade County; (1) the installation of a secondary con-
trol on Snake Creek Canal, and (2) the forward pumping scheme. Figures
1 and 2 show extent of areas modeled in the foregoing two proposals.

Both management proposals are sufficiently complex to warrant the use
of the electric analog model for simulation. Each problem was programed
separately into the existing electrical analog model of the Biscayne

aquifer (Appel, 1973).

Previous Studies

Parker and others (1955) included a comprehensive study of the geology
and hydrology of Dade County with emphasis on the Biscayne aquifer and its
hydraulic characteristics in their study of the water resources of south-
eastern Florida., Hydraulic characteristics of the aquifer were evaluated
by Klein and Sherwood (1961), Sherwood and Leach (1962) and Leach and
Sherwood (1963). Kohout and Leach (1964) reported on saltwater movement
in the Snake Creek Canal and its effects on ground water in the vicinity
of the canal as the result of operation of the coastal control structure.

The physical characteristics and hydrologic aspects of a flood-control
plan for an inland part of Dade County and its possible effects on urban-
ization of the area were discussed by Kohout and Hartwell (1967). Included
in that report is a description of a steady-state analog model, used to
evaluate the effects of the flood control plan. This early model was used
to evaluate the effects from canals, pumps, plugs and controls at various
locations in the canal network. In the evaluation, the authors suggested
that more sophisticated transient-state resistor-capacitor (passive
element) analog models of the Biscayne aquifer were needed for more accu-
rate and definitive evaluations. Such a model was constructed in the early
1960's. Appel (1973) discusses the design and construction of the electri-
cal analog model. The data used to define aquifer characteristics and the
corresponding model coefficients were obtained from the reports cited, and
from various unpublished records. Flow data for the canals, ground-water
levels and pumping data from major well fields were obtained from records
collected before model construction,

METHODS OF ANALYSIS

Interpretation of all modeling problems are subject to the constraints
of both the model and the data. The method of interpretation can be ob-
jective and analytical. While the attempt is made to construct models that
are reasonable portrayals of "real-world" situations, simplifications are
required where data and methods are lacking. Initial results of modeling
efforts are only a first approximation of the cause and effect relationships
that exist in the real system. Adjustments to the model, which are neces-
sary to replicate dynamic changes observed in the field, must bear reason-
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able credance to the parameters and functions that describe the flow of
water as a free surface or through a porous medium. Application of special
simulation techniques are needed to relate the Biscayne aquifer model to

the hydraulic conditions that exist in south Florida. Principal constrainats
of the model are found in the treatment of a) boundary conditions, b) ground-
water and surface-water interface, ¢) surface-water ponding, and d) canal
conveyance. All of these factors must be simplified in the analog model
design. Ground-water flow is adequately handled, but the surface-water con-
ditions are difficult to simulate. Water levels above ground surface, a
condition which exists For several months each year in south Florida, is not
adequately simulated in the model. Although the electronic mechanism to
simulate ponding is available, the functional relatioms which would eventual-
ly distribute ponded water through infiltration, evaporation or canal flow
cannot be readily defined.

Further complications are encountered in modeling canal water levels
and canal flow which cannot be described simultaneously as independent
variables. That is, in simulation of canals on the model either the head or
level of the canal can be established and the change in canal flow can be
measured, or the flow can be maintained and the canal level measured. These
limitations require judicious programing of the model.

A trial and error approach is used to define the limits of the model to
resolve differerces in programed data, determine the model semsitivity, and
establish a maximum, or optimum management solution. Several variations of
each of the model studies were simulated for comparative purposes.

In practice the model simulates an appropriate part of the hydeclogic
cycle. The management scheme is then imposed om the model for the same
test period and a comparison of the results is made, Specific details of
the initial conditions and the test simulations are discussed in the follow-
ing sections of this report.

The mathematical concept of superposition was used in these apnalyses
for comparisons of initial condition situations and test runs, and for eval-
uating the various pumping configurations with respect to each other. Some
statistical procedures were employed (as later explained) to convert raw
data into suitable input to the analog model, and in the fimal analysis of
data obtained from forward pumping simulations.

PROPOSAL FOR SECONDARY CONTROLS IN CANALS

One objective of this investigation is to determine if placement of a
secondary control structure in Snake Creek Canal, a major canal in north
Dade County, is a viable means of water conservation and flood protection
for the basin. At present, water control in the Snake Creek basin is ac-
complished by operation of the coastal control structure. The eastern half
of the basin is urban and suburban but the remainder sparsely suburban or
undeveloped. It seemed evident that the installation and operation of a
secondary control structure near the middle of the reach would permit lower-
ing of canal levels and adjacent ground-water levels in the urban-suburban
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areas for flood control, and at the same time retard drainage from the
inland reach, thereby increasing water conservation. The canal would con~
tinue to provide flood protection but it would also reduce fresh-water
losses to the ocean.

Model Design

The model simulation is designed to test operational schemes and
maximize inland ground-water storage through the operation of control
structure gate openings. Constraints on the operation of the control
structures are dictated by canal water levels.

The Snake Creek Canal basin is bounded by the South New River Canal
(C-11) on the north, levee 33 of Conservation Area 3B on the west, the
Miami Canal (6-C) on the south and Biscayne Bay on the east, Figure 3
shows the geometry of the basin, the main boundary features, grid network,
pumping centers, and the control locations. The canal boundaries are as-
sumed to be recharge sources to the grouand-water system. The water levels
at these boundaries are either held constant or are programed to change as
a function of time.

The canal system shown in figure 1 is greatly simplified in figure 3
where only one canal, Snake Creek Canal (C-9), is modeled within the boun-
daries. Simulation of the hydraulic connection between the canal and the
ground-water system is accomplished by lumping the effect of the param-
eters that control interface impedance. This impedance to flow between
ground water and surface water is approximated electrically by a passive
element resistor equivalent to the reciprocal of areal vertical flux per
unit of head according to the following mathematical expression:

R, = _1 = T , K3 where ¢
Cy P, (WH2D)L K2

Cv = vertical flux in (gal/d) - ft-1
R = electrical resistance, in ohms.
T = thickness of impeding material, in ft.

Py = vertical permeability, in (gal/d) - ft-2

(W+2D) = wetted canal perimeter, in ft,
L = canal length, in ft

K3 = scaling coeficient, (gal/d) - amp-1
K2 = scaling coeficient, £t

volt

The primary (coastal) control structures, S$-13 on C-11 canal and §-26

7
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on Miami Canal, are modeled with switches, either full on or full off.
For all tests these two controls were assumed to be closed, as were con-
trols S-13A, §-30, $-32, $-27 and S-28. The primary control $-29 and the
proposed secondary control (SC) on Snake Creek Canal are modeled as time
dependent proportional controls. Locations of these control structures
are shown on figure 3,

The model was programed to simulate hydrologic conditions under which
the control structures probably would operate. The base level condition
represents the beginning of the dry season at the end of October 1972
(Hull and Wimberly, 1972), when water levels were about 5 ft (1.5 m) above
msl (mean sea level) along the west boundary with a gradually declining
gradient toward the east boundary.

The boundaries of the Snake Creek basin were programed with the month-
ly water levels shown in Table 1 except for Biscayne Bay which, through
necessity, was modeled at a constant level 0.5 ft (0.15 m) above msl.
Originally, a tidal simulation was tried for the bayfront boundary; the
time relating coefficient, Kt, of 2.89 x 109, between the electric analog
model and the real world, required a model frequency of 7,608 kilohertz
(KHz) to simulate the tide cycle. The average range of the full wave tide
cycle is about 2.5 ft (0.76 m) or 1 volt in the electric analog model. At
this amplitude and frequency the passive element, RC (resistor-capacitor),
network of the model is less than 100 ohms impedance; thus, current
demands for tidal simulation exceeded the capacity of available current
generating amplifiers. It became necessary to approximate the tidal boun~
dary condition by a direct current voltage of 0.2 volt, equivalent to the
root-mean-square value of the tide function.

A proportional control structure in the electric analog is a passive
element that can regulate canal discharge according to a set of operating
criteria. A control structure which is closed represents an infinite
impedance to flow. In the analog model this is gsimulated by opening the
canal conductor bus using a switch or relay. A schematic representation
of the electronic proportional control mechanism is shown in figure 4,
Opening of the control switch will restrict the canal flow in its upper
reach, thus retarding the drainage process. Canal discharge through a
proportional control structure is approximated by the following expression,

Q = CA\f2gah
Q = Canal flow in ft3/s
C = Contraction coefficient, a constant = 0.72
A = Area of gate opening in ft .
g = Acceleration of gravity in ft/s?
Ah = Difference between upstream and downstream water levels in ft.

9



Table 1.~~Mean water levels on basin boundaries for 1970-71.

Feet above
Boundary~Section mean sea level
1970 1971

Nov. Dec, | .Jan. Feb. Mar, Apr.

South New River Canal (C-11)* 1.88 1.82 1.75 1.69 1.62 1.56
Levee 33 Canal - Conservation

Area 3B 7.16 6.66 6.16 5.66 5.16 4.66
Miami Canal (C-6) 2.27 2,08 1.89 1.69 1.50 1.31

* Data from records downstream of control S-13A,

10
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The width of the control structure is 50 ft (15 m). .The flow is directly
proportional to the gate opening and the square root of the difference in
water levels. This relationship, in turn, is modeled by two linear func-
tions as shown in figure 5, using discrete resistor elements,

The operation of a proportional control structure is predicated on
fixed canal levels above and below the structure that reflect some assumed
flood criteria but also must prevent over drainage as a water conservation
measure, Table 2 shows the status of the gating portion chosen for this
study. Only one condition allows for both the primary and the secondary
control to be open at the same time, and at no time are both controls closed
simultaneously except between changes of state.

Other programed parameters consist of rainfall (a major source of re-
charge to the basin}, ground-water withdrawal, (pumping) and evapotranspi-
ration losses as a function of depth to water.

A design rainfall was developed from stations with 30 or more years of
record. Statistical analyses of these records are the basis of the design
rainfall. Total rainfall for November through April (dry season) was
analyzed for each station record. On the basis of frequency analysis of
these data, the total dry season rainfall that could be expected to be
exceeded 90 percent of the time was determined (Benson and Gardner, 1973).
The mean value for the period of record was also determined for comparison.
These values were used to determine weighted values of rainfall over the
study area. The results are shown in figure 6 -and table 3.

The time distribution of rainfall (fig. 6) shows two quite differeat
patterns. As expected, the mean value of rainfall distribution is modu-
lated toward an inverted gaussian curve whereas the extreme distribution
has a pronounced "S" shape. Although a zone of high rainfall does exist
inland from the ocean, it did not significantly influence the rainfall dis-
tribution which is assumed to be uniform within the basin.

Only a part of the rainfall incident on the Snake Creek Canal basin
recharges the ground-water system. Because areas A and B (fig. 3) differ
in land use and therefore rainfall infiltration potential, the amount of
recharge shown in figure 6 and table 3 is computed by applying the recharge
factor (f) of 0.50 for area B and 0.25 for area A. Net recharge to the
ground-water system programed into all of the secondary control model sim-

- ulations is shown in table 4.

Discharge from the ground-water system is by pumping for municipal and
other uses, by evapotranspiration, and by coastal under segcpage. Pumping
rates for municipalities within the basin, shown in table 5, were computed
by weighted monthly ratios based on pumping records of the Miami well field
for 1970-71. These withdrawals were applied to the model at specific node
intersections on the RC network, as indicated in table 5 and shown on
figure 3.

Losses attributed to ET (evapotranspiration) are described by an as-

12
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Table 2.--Operating schedules for control structure gate openings.

Primary Control Secondary Control

Upstream canal level, Upstream canal level,

1
feet above mSl Status feet above msl Status
Greater than 2.5 0 Greater than 4 0
Less than 2.5 C Greater than 4 0
Less than 2.5 C Less than 4 0
Greater than 2.5 0 Less than & C

1 0, open; C, closed.
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Table 3.--Computed rainfall for analog model simulations from published
data at station Pensuco 5-NW, Miami.

o
& )
57
J%o” o Inches of Rain
~ R
vl
& 7
A F=S
) @ 0
'5'? i .eoé‘ Monthly Percent of Total, underlined .
g g ~ g
& g; &? N 7
A i o L o &
&[NS/ £ /8 /8 /& )9
]
9 16.13 | 11.29 |14.98 [15.05 |15.67 |26.88
Er]
<l 13.50 2.18 | 1.52 | 2.02 | 2.03 | 2.12 | 3.63 | 13.50
5 6.75 1.08! 0.76 | 1.01 | 1,02 | 1.06 | 1.82 6.75
(1]
= < 16.13 | 11.29 |14.98 {15.05 |15.67 |26.88
ot 14.88 2.40 | 1.68 | 2.23 | 2,24 | 2.33 | 4.00 | 14.88
" 3.72 0.60 | 0.42 | 0.56 | 0.56 |{ 0,58 | 1.00 3.72
" 8.20 | 10.11 | 21.04 |13.66 | 9.84 |37.16
o
.o l8l7.00 0.57 | 0.71| 1.47 | 0.96 | 0.69 | 2.60 | 7.00
§.§ <4 3.50 0.29 | 0.35| 0.74 | 0.48 | 0.34 | 1.30 3,50
[V}
;-% ” 8.20 | 10.11 | 21.04 (13.66 | 9.84 {37.16
[+ o
18,05 0.66 | 0.81} 1.69 | 1.09 | 0.79 | 2.99 8.05
< 2.00 0.16 | 0.20| 0.42 | 0.27 | 0.20 | 0.74 2.00
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Table 4.--Net recharge (Rp) by area for rainfall conditions exceeded

90 percent of the time, secondary control model.

*Area A = Coastal urban

Recharge in
inches Nov. Dec. Jan. Feb. Mar. Apr.,

0.16 0.20 0.42 0.27 0.20 0.75

Total for 6 months = 2.00 in.

*Area B = Inland undeveloped

Recharge in
inches Nov. Dec. Jan. Feb, Mar. Apr.

0.29 0.35 0.74 0.48 0.34 1.30

Total for 6 months = 3.50 in.

*Areas are shown in figure 3.
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Table 5.--Estimated ground-water withdrawal from various pumping centers
in the model basin, prorated on Miami well field records for

1970-71.
Percent of annual total Semi« Total Annual
7.6 8.7 9,2 8.3 10.3 10.2 annual pumping average
Month Nov. Dec. Jan. Feb., Mar. Apr. total 1970-71 daily rate
Davys 30 31 31 28 31 30 1970-71
Well Coordinate CH-103
Ratel 8.3 9.2 9.7 9.7 10.9 11.2 9.0
Volume2 250 286 302 273 338 335 1784 3285
Well Coordinate CG-111
Pate 6.3 7.0 7.4 7.4 8.2 8.4 6.8
Volume 188 216 228 206 256 253 1347 2482
Well Coordinate CL-119
Rate 0.4 11,5 12.1 12.1 13.6 13.9 11.2
Volume 311 356 376 339 421 416 2219 4088
Well Coordinate CN-115
Rate 2.7 3.0 3.1 3.1 3.5 3.6 2.9
Volume 80 92 97 838 109 108 574 1059
Well Coordinate CF-116
Rate 2.3 2.6 2.7 2.7 3.0 3.1 2.5
Volume 69 79 84 76 94 93 495 912
Well Coordinate CK-114
Rate 1,7 1.8 1.9 1.9 2.2 2.2 1.8
Volume 50 57 60 55 68 67 357 657
Well Coordinate CN-107
Rate 5.5 6.0 6.4 6.4 7.2 7.3 5.9
Volume 164 187 198 179 222 220 1170 2154
Well Coordinate BT-110
Rate 0.2 0.2 0.2 0.2 0.2 0.2 0.2
Volume 6 6 7 6 8 7 40 73
Well Coordinate CA-104
Rate 1.9 2.2 2.3 2.3 2.5 2.6 2.1
Volume 58 67 71 64 79 78 417 767
Well Coordinate BZ-119
Rate 0.4 0.4 0.4 0.4 0.5 0.5 0.4
Volume 11 13 13 12 15 15 79 146
Well Coordinate CA-109
Rate 4.8 5.3 5.6 5.6 6.3 6.5 5.2
Volume 144 165 175 158 195 194 1031 1898
Well Coordinate CE-120
Rate 2.2 2.5 2.6 2.6 2.9 3.0 2.4
Volume 67 76 81 73 90 89 476 876
Total2 1398 1600 1692 1529 1895 1875

1 Units in Mgal/d
2 Volume in Mgal.
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sumed function throughout the model basin. The ET function in figure 7 is
inversely proportional to the depth of the water table below the land sur-
face for depths between 1 (0.304 m) and 11.4 feet (3.47 m), according to
the following relationship (Stewart and Mills 1967);

Elx = 3.26 (1.10 - 0.096x) where (3)
X = depth below land surface, in ft.
EI, = Evapotranspiration potential, in inches per month,

This parameter, as a function of depth to water, is graphed in figure 7.
The ET potential will range from a2 maximum of 3,26 inches (82.8 mm) per
month when x 1s 1 foot or less, to zero when x is greater than 11.4 ft
(3.47 m). The limitations on the ET potential in the model are approxi-
mated electronically by current limiting diodes whose electrical proper-
ties regulate the flow of current out of the ground-water net. The ET
function is applied uniformily over both area A and area B on figure 3.

Analysis of Simulations

A reference, or base~level, condition was established by a two-step
procedure. First, initial water-level conditions for October, 1972 were
established by operating the model with known stress for a lZ-month simu-
lation period with no secondary control on Snake Creek Canal and with all
other controls closed. Then, from this near steady-state condition the
model was opetrated for a 6-month simulation period with selected control
schemes on Snake Creek canal. Water budgets for each scheme could then be
compared to determine isolated effects of Snake Creek controls.

A quantitative comparison was made of the effect of varying the con-
trol-gate openings on the net change in the water supply entering and leav-
ing the basin. If both the primary and secondary control structures were
closed for the 6 months, the losses due to canal outflow from the basin
should be minimized. By comparing alternative operating modes to this con-
dition, the effect of different control operations could be evaluated.

Simulations to test the effect of the secondary control were programed
in two sets. One set of results describes analysis for only the primary
control in static or dynamic operation, a second set combines both the
primary and secondary controls in static or dynamic operation.

Table 6 shows the various model solutions, for base-level conditions
and test runs, in the form of water budgets. All tests labelled 1 were
run from base-level condition 1 (fig. 8) and all tests labelled 2 were run
from base-level condition 2 (fig. 9). Small differences between base level
conditions 1 and 2 are the result of running the model on separate occa-
gsions but they are assumed equivalent for comparative analysis.

Several of the variables in table 6 are independent since they are
programmed with time. Others are dependent and derive their values from

19
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the model response. The worst case of hydrologic conditions is shown by
analysis group B in table 6 for a model having both the coastal or primary
control and the secondary control open 5 ft during the entire 6-month test
period. Neither control was subject to any form of operating schedule.
Snake Creek Canal flow totalled 78x108 and 96x108 gal at the end of the
respective test periods. Within group B a comparison of analysis 1 and 2
showed the addition of the secondary control structure (B-1) reduced the
discharge from the canal by about 19 percent. Some evidence of the reduc-
tion of surface-water discharge from the basin is shown in figures 10 and
11, by arrested development of the ground-water gradient toward the coast.
In each analysis group on table 6, except group A, the addition of the
secondary control resulted in additional ground-water storage within the
basin. A comparison of ground-water storage between analysis group B-1
and D~1 showed that B-l1 increased net basin storage about 18 percent. A
comparison of results from analysis groups B-2 and D-2 shows that B-2
resulted in about 27 percent more ground water in storage. One reason

for the higher percentage of ground water in storage may be the slight
variation in the initial conditions that constitute the base for the two
analysis groups, but the major cause is the vast reduction in ground-water
drainage by the canal. Since evapotranspiration is modeled as a function
of the water-table depth a proportionately higher ET loss (22 percent in-
crease) in B-2 from the additional water in storage would be expected.

Discharge of ground water to the bayfront, as noted in table 6, is
actually higher during the group C and D analysis which have operating
control structures. It is therefore concluded that operating the control
or controls will help to retard saltwater intrusion on the bayfront bound-

ary.

A considerable change in Snake Creek Canal discharge was measured
between the analysis groups C and D wherein the structures are controlled
by water stage and the analysis group B with structures continually open.
Only minor variations result from changes in the amount of the gate open-
ing. Analysis group D-1, where: structures are open and closed according
to water stage in the canal, indicates that canal discharge would decrease
100 percent from that which occurred in analysis group B-1. With the
primary controloperating alome (group D-2) the canal discharge decreased
by 90 percent in comparison to group B-1, therefore, operation of the sec-
ondary control accounts for only 10 percent of the canal flow reduction.
Comparison of the categories in group C, having only 1 ft (0.3 m) gate
opening, with group D, having 5 ft (1.5 m) gate opening, showed no change
in canal discharge. The model is apparently insensitive to the amount of
control cpening.

Major changes in ground-water storage were expected to occur in
these analyses. Recharge and canal levels of the model corresponded to a
condition of deficiency in precipitation, Other deficiencies occurred in
the inflow from both Miami Canal and the Conservation Area. The deficien-
cy in rainfall was offset in part by a teduction in ET losses resulting
from lowering of the water table. Figures 10-17 show the areal changes
in the water table for all of the model analyses of table 6.
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Several favorable results were anticipated as a result of the installa-
tion and operation of the control structures. The most beneficial, a reduc-
tion of net water loss from the system, would be nullified by excessive in-
flow of saltwater from the bayfront. Optimum conditions would result from a
reduction in ET losses, continued canal discharge to the bayfront, and mini-
mizing depletion of ground-water storage.

It must be recognized, however, that the changes imposed by the second-
ary control are minimal. As modeled, the primary and secondary controls have
instantaneous interaction and form complementary functions in accordance with
the operating schedules in table 2. Thus a minimal effect of the secondary
control structure is revealed by these model analyses. The results tend to
minimize the real conditions that would result if a secondary structure were
installed on Snake Creek canal. If the model were designed to simulate canal
conveyance losses associated with surface-water flow and changes of storage
within the canal, the impact of the secondary control might be greater.

Summary

The concept of using a secondary control structure in canals as a method
of water conservation was tested using the Biscayne aquifer electric analog
model. In general, the model analyses showed minor changes in the hydrologic
conditions of the basin in response to the addition of a secondary control
structure. The effects that were observed are mainly due to the operation of
primary coastal control structures and to the other modeling parameters. Even
with the limited sensitivity shown by the model, a secondary control structure
can be a viable means to optimize water comservation provided the operating
rules are in harmony with the primary coastal control structure.

The analyses revealed that the dominant control on the-hydrologic system
is the coastal control structure. The criterion of trying (¢ maintain a posi-
tive 2.5-ft (0.76-m) head above the primary structure resulted in the structure
being closed much of the time. For periods when the structure is open 5 ft
(1.5 m), larger quantities of water are discharged and the canal head falls
rapidly. When the gate is open 1 ft (0.3 m), smaller quantities are discharged
and a longer time is required to lower the canal head to 2.5 ft (0.76 m). In
either case, however, the time that the gate is open is small in comparison to
the 6-month computational period. Accordingly, the volume of flow past the
primary structure is large when the gate is not controlled (groups B-1, B-2),
and much smaller when the gate is controlled (groups D-1, D-2).

PROPOSAL FOR FORWARD PUMPIRG

Forward pumping is a proposed water-management scheme whereby water is
pumped from the Biscayne aquifer in inland areas of little or no withdrawals,
and moved eastward to areas of heavy withdrawals during the November to April
dry season. <Conveyance will be through existing canals or through facilities
to be constructed. -This would provide additional infiltration to the aquifer
in the vicinity of well fields along the coast and retard the migration of
saltwater into the aquifer. The lowering of the water table in the interior
will result in salvage of water now lost to evapotranspiration, and provide

additional underground storage space to be filled during the ensuing wet seasom.
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Model Design

The forward pumping scheme was analyzed on the existing Biscayne
aquifer electrical analog model (Appel, 1973) using four test sites re-
mote from areas of heavy ground-water withdrawals (fig. 2). Site AA is
east of Levee 30 and north of the Tamiami Canal. Sites A, B and C are
west and north of site AA in Conservation Area 3B. The test areas, AA,
A, B, and C, were selected on the basis of boundary conditions, mainly
the number and proximity of canals.

To facilitate comparison of model simulations, a standard sampling
area of 225 mi? (583 km2) (fig. 18) was established surrounding each
forward-pumping test site (fig. 2).

The number and location of the forward pumping wells within the test
areas were chosen to create the maximum ground-water storage change.
Pumping at three separate rates was programed at each of three locations
in area AA; one analysis was made with the internal canals simulated, and
one was without the canals. Pumping at two separate rates was programed
at sites A, B, and C. 1In each of these test sites, pumping was simulated
at three or four modes simultaneously. A summary of the forward pumping
simulations is given in Table 7.

The analog model was programed to establish the following conditions:

1. Initial water=table elevations approximated the average October
conditions defined by Hull and Wimberly (1972).

2. Rainfall during the period of simulation (November to April) was
that exceeded 90 percent of the time (Benson and Gardner, 1974). This
rainfall was reduced in volume by the estimated volume of direct overland
runoff resulting from rainfall to obtain the quantity of recharge to the
aquifer. The recharge to the model is shown in table 8,A.

3. Canal water levels for certain canals were maintained to ap=
proximate average monthly levels during the 1970-71 dry season. These
levels are shown in table 8,B.

4. Withdrawals of ground water for municipal supply are varied with
time. The magnitude and variation of pumping at these centers is shown
in table 8,C. TLocations are shown on figure 28.

5. Evapotranspiration is a function of the depth to water below land
surface (x). Thus evapotranspiration varies from 3.26 inches (82.8 nm)
per month when x is 1 ft (0.3 m) or less to zero when x is 11.4 ft
(3.48 m) or more as shown in figure 7.
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Table 7,--Summary of forward pumping simulations.

Total
Forward Pumping additional

Test Simulation Forward Pumping rate volume storage Additional storage
areas number node(s) (Mgal/d) (Mgal) (Mgal) (Percent)
AA 74-3 98-~BK 120 21,600 2,300 10.6
AA 4 98-BK 80 14,000 1,500 10.7
AA 5 98-~BK 40 7,400 600 8.1
AA 6% 98-BK 120 21,600 4,000 18.5
AA 7% 98-BK 80 14,000 2,500 17.9
AA 8% 98-BK 40 7,200 1,100 15.3
AA 9 96-BO 40 7,200 900 12.5
AA 10% 96-B0 40 7,200 800 11.1
AA 11 96-BO 80 14,200 1,800 12.7
AA 12% 96-B0 80 14,200 2,100 14.8
AA 13 96-BO 120 22,000 3,400 15.5
AA 14% 96~B0 120 22,000 3,900 17.7
AA 15 96-BG 120 22,000 3,300 15.0
AA 16% 96-BG 120 22,000 4,300 19.5
AA 17 96-BG 80 14,400 2,100 14.6
AA 18% 96-BG 80 14,400 2,500 17.4
AA 19 96-BG 40 7,100 900 12.7
AA 20% 96-BG 40 7,100 900 12.7
A 28 118-BC,114-AY,112~BA 210 37,600 13,200 34.6
A 29 1i8-BC,114~AY,112-BA 120 22,000 7,600 33.6
B 30 98-AK,102-A0,106-AQ,110=-AS 210 37,000 20,200 53.5
B 31 98-AK,102-A0,106-4AQ,110-A8 120 21,600 11,400 51.9
C 32 90~AK, 90-AQ, 90-AW 210 38,000 11,700 30.8
c 74-33 90-4AK,90-AQ, 90-AW 120 21,600 6,400 29.6

*Forward pumping simulation in area AA without internal canals.



Table 8.--Programmed data to forward pumping model.

A, *Recharge (Rp) exceeded 90 percent of the time:

1970 1971
Total rainfall Nov.-Apr. Nov. Dec. | Jan. Feb. Mar. Apr. Total
7.0 inches
Weighting Coeff. (percent) 8.20 10.11 21.04 13.66 9.84 37,16 100
Recharge (inches) 0.29 0.35 0.74 0.48 0.34 1.30 3.50
*Same as for Secondary Control study.
B. Water levels in feet above sea level:
1970 _ 1971
Nov. Dec. Jan. Feb., Mar. Apr.
Miami Canal C-6 2,48 2,60 2,55 2.50 2.10 1.85
Tamiami Canal C-4 4,00 3,70 3.25 3.00 2,55 2.10
Levee 30 Canal 7.16 6.66 6,16 5.66 5.16 4,66
C, Pumping in million gallons per day
1970 1971
Pumping Node Nov, Dec, Jan, Feb, Mar. Apr.
BG-77 7.75 B.25 8.25 8.25 8.75 9.25
BQ-78 62 66 66 66 70 74
BW-93 77.5 82.5 82.5 82.5 87.5 92.5
CF-103 7.75 8.25 8.25 8.25 8.75 9.25
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The October hydrologic conditions were set in the model and the
model was operated through the November-April period to verify the model
by reproducing hydrologic conditions before simulation of the forward
pumping scheme. This was done for each of 4 test sites in the model,
Forward pumping simulations were then conducted for each of 24 forward
pumping configurations.

Analysis of Simulations

During the dry season water levels in inland areas of the Biscayne
aquifer normally decline steadily except for short-term rises caused by 19
unseasonal rainfall as shown by the hydrograph of well G 1165 (fig. 19A)
in test site AA. Simulated hydrologic conditions show a similar decline
of water levels on fig. 19B but without the irregularities. The decline
in simulated water levels is accelerated when forward pumping simulations
are imposed on the model (fig. 19C).

The water budget summarized in table 9 provides a mass balance for
each model solution. For example, accompanying the accelerated decline
induced by the forward pumping simulations is a corresponding reduction
in the rate of evapotranspiration losses in the affected area, and an in-
crease in storage space in the aquifer to be filled during the next wet
season. The cause and effect relations are apparent,

The change in electrical potential (equivalent to water-level change)
after 6 months, for both the nonpumping and the forward pumping simula-
tions was recorded at about half the nodes in the standard sample area.
The water levels for the forward pumping simulations were substracted from
the water levels for the appropriate nonpumping simulation to get a net
water-level change, ahp, (fig. 20). This head change, attributable sole-
ly to forward pumping, was then computed by interpclation for all the
remaining nodes in the standard sampling area. The head changes for each
simulation were arranged in ascending order, grouped into 30 classes, and
their relative frequency of occurrence in the standard sample area was
computed. The resulting values were plotted on graphs of which figures
21-25 are typical examples. The graphs provide a quick assessment of the
relative effectiveness of the different forward-pumping simulation ar-
rangements,

The use of the standard sample area improves the comparative apprais-
al of changes in ground-water storage shown in Table 9 with those in
Table 7. For example in figure 21, Ahp for forward pumping simulation
74-3, 55 percent of the standard sample area AA had a net drawdown in
water level of 0.1 foot (0.25 m) or less, In figure 24, forward pumping
simulation 74-31, only 15 percent of the standard sample area B had a net
drawdown of 0.1 foot (0.25 m) or less, indicating a much more effective
simulation from a water-management standpoint when considering only stor-
age space created. The pumping rate for both simulations was 120 Mgal/d
(5.26 m3/s).

38



WATER LEVEL IN FEET ABOVE MEAN SEA LEVEL

4.0

3.5

3.0

2.5

2.0

4.0

35
3.0

2.5

2.0

4.0
3.5
3.0
25

2.0

[ T 1 |
- —1.0
— FIELD DATA 1970-T7I —0.5
! I | | i | | ] | 1 !
OCT NOV DEC JAN FEB MAR APR MAY JUNE JULY AUG SEPT
A. Field data from well G-1165.
[ I [ I I | | ! [ ! |
i \ _kio
™  SIMULATED 108
| ] ] | | | 1 | | ] ]
oCcT NOV  DEC JAN FEB MAR APR MAY JUNE JULY AUG SEPT
B. Initial condition simulation.
| I I T T i | 1 | I
- ——1.0
—  SIMULATED —1—05
| | ] ] | ] i | | ] |
OCT NOV DEC JAN FEB MAR APR MAY JUNE JULY AUG SEPT
C. PForward pumping simulation.

Figure 19.--Hydrographs for ground-water well G-1165 and model

node BN-92 in test site AA.
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WATER LEVEL IN FEET,ABOVE MEAN SEA LEVEL
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Figure 20.--Effect of forward pumping stress ( ahp) observed as a
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42

WATER LEVEL IN METRES, ABOVE MEAN SEA LEVEL



10.0

5.0

2.0

1.0
Ii
bl
L
[N
=

= 05
<

0.2

0.l

Q.05

—2.0

5
N
Ah, IN METRES

—0.1
- }-0.05
J
/ 0.02
-

2 5 10 20 30 40 50 60 70 BO 90 95 98 29

PERCENT

Figure 21.--Percentage of standard sampling area AA for which ( Ahp) was

equal to or less than the indicated value for forward pumping
simulation 74-3.

43



10.0

5.0

2.0

G.5

AhD IN FEET

0.2

0.05

— 2.0

/"
—~0.5
w2
Lad
o
"
— 0.7 =
=z
/ 5
7’ o
f
% —C.05
) 4
/

/

5 1o 20 30 40 50 80 70 80

PERCENT

90 95 98 99

Figure 22.--Percentage of standard sampling area AA for which (&hp) was
equal to or less than the indicated value for forward pumping

simulation 74-14,

44



10.0 I

—2.0
5.0
/_ —
/| 1.0
2.C
—0.5
1.0 of
J ﬂ
0 y, o
Ll —
L | Ll
_D z
0.5
< 4 &£
Vi g

L

0.2 /

—0.05

0.02

0.05 L
| 2 5 10 20 30 40 50 60 70 80 0 35 9B 99

PERCENT

Figure 23.--Percentage of standard sampling area A for which {(Ahp) was
equal to or less than the indicated value for forward pumping
simulation 74-29,

45



L

10.0

Long N FEET

el J'
/f"
‘ 2.0
5.0 , /
| 10
#
2.0 ; [1
: f L 05
/" M
(.0
[9p)
L
[t
}_
] 0.2 g
=
0.5 ¢ e
i
<
7
0.2 :
/ | : - o0
bt d .
| : 0.02
0.05

L2 5 10 20 30 40 50 60 70 8O 90 95 9B 99
PERCENT

Figure ?4.--Percentage of standard sampling area B for which ( Ahp) was
equal to or less than the indicated value for forward pumping
simulation 74-30.

46



10.0 l [

2.0
5.0 /__
1.0
2.0
0.5

AHhIN FEET
!
<
AV

Ahy IN METRES

T

0.2
H—0.05
0.
0.02
0.05 f i 1 |
| 2 5. 10 20 30 40 50 B0 70 8O 30 a5 98 99

PERCENT

Figure 25.--Percentage of standard sampling area B for which (ahp) was
equal to or less than the indicated value for forward pumping
simulation 74-31,

47



The median values of ahp for forward pumping simulations 74-3, 74-6,
74-13, 74-14, 74-15, 74-16, 74-29, 74-31 and 74-33 (all with simulated
pumping rates of 120 Mgal/d, (5.26 m3/s), range from 0.08 foot (0.024 m)
to 0.8 foot (0.24 m). The areas affected by median values of drawdown for
selected simulations are shown in figures 26-35.

The simulation techniques applied to the electric analog model
relaté only to the effects that forward pumping will have on changes in
ground-water storage and ET losses., A measure of the relative effective-
ness of the forward pumping schemes, as defined by the 24 simulation runs
in table 7, is the maximum lowering of ground water that each test site
can sustain prior te inducing recirculation from the boundaries. It 1is
assumed that the water being pumped from the ground-water basin and the ET
is completely removed from the system. In practice, the pumped ground
water could be made a part of the surface water in the canal storage and
distribution system.

The total additional ground-water storage space that is shown in
table 7 was computed from the difference of the sum of columns 12 and 13,
for each test run and its corresponding initial condition simulation (end
of table 9). The appropriate initial condition is that with values in
column 2 of table 9 identical to those of the appropriate model run,

Additional aquifer storage space developed by forward pumping ranged
from 8 percent to 20 percent of the quantity forward pumped from site AA,
but was more than 50 percent of the water pumped from site B. The amount
of additional storage space created by forward pumping is proportional to
the magnitude of lowering of ground-water levels. 1In addition, water
would alsc be salvaged by reducing evapotranspiration losses.

The simulations for site AA indicate that forward pumping would
impose small but measureable additional drawdowns within adjacent munici-
pal well fields. However, because most (60-70 percent) of the water
pumped would be recirculated through canals in site AA, storage space
created for recharge to the aquifer would be minimal. On the other hand,
simulations in sites A, B and C showed that as much as 54 percent of the
forward-pumped water came from aquifer storage.

The forward pumping simulation in site B which utilized four widely
spaced wells was the most effective because the area is remote frgm canal
influence. Figures 25 and 3% indicate that about half the 225-mi (583-kn?)
standard sampling area B had 0.8 ft (0.24 m) drawdown or less, with 4 wells
simulating pumping at a rate of 120x10% gal/d (5.26 m3/s). At a simulated
pumping rate of 210 x106 gal/d (9.2 m3/s) the median aAhp was 1.7 feet
(0.5 m) (fig. 35) and only 4 percent of standard sampling area B had a
decline of water level equal to 0.1 foot (0.03 m) or less (fig. 24). In
contrast, the smallest median value of Ahp was 0.08 foot (0.024 m) in
site AA (figs. 26 and 29 and figs. 21 and 22 for pumping rates of 120x106
gal/d (5.26 m3/s).
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Figure 27.--Median value of head change (Ahp) for forward pumping

simulation 74-6, standard sample area AA,
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simulation 74-30, standard sample area B.
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Figure 35.--Median value of head change ( ahp) for forward pumping
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Summary

Forward pumping is a scheme for using groundwater from remote inland
areas to partly satisfy the demands in the heavily urban coastal areas of
Dade County, Fla., through induced canal infiltration near well fields and
maintaining coastal water levels during dry season. Water levels would be
lowered in areas selected for forward pumping, thereby reducing the natural
losses from ET and ereating additional storage space for ground-water re-
charge. It is assumed that deficits in ground-water storage can be satis-
fied, in part, by increased recharge from excess rainfall or by changes in
the water level along the boundaries. If such is not the case, additionmal
cumulative water-level decline could result in the area in which pumping
OCCurs.

The electric analog model was programmed to simulate a forward pumping
scheme and the changes in ground-water storage were considered most indica-
tive of basin response to this stress.

Analog model studies showed that forward pumping from sites dissected
by or adjacent to canals produced minimal lowering of aquifer water levels,
because of recirculation, whereas pumping from sites remote from canals
produced widespread lowering and maximum storage space for potential aqui-
fer recharge. Storage made available for replenishment, after pumping at
a rate of 120 Mgal/d (5.26 m3/s), ranged from 11 to 52 percent of the total
water pumped,
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